Patterns of neural activity are critical for sculpting the immature brain, and disrupting this activity is believed to underlie neurodevelopmental disorders [1] [2] [3] . Neural circuits undergo extensive activity-dependent postnatal structural and functional changes [4] [5] [6] . The different forms of neural plasticity [7] [8] [9] underlying these changes have been linked to specific patterns of spatiotemporal activity. Since maternal behavior is the mammalian infant's major source of sensory-driven environmental stimulation and the quality of this care can dramatically affect neurobehavioral development [10], we explored, for the first time, whether infant cortical activity is influenced directly by interactions with the mother within the natural nest environment. We recorded spontaneous neocortical local field potentials in freely behaving infant rats during natural interactions with their mother on postnatal days w12-19. We showed that maternal absence from the nest increased cortical desynchrony. Further isolating the pup by removing littermates induced further desynchronization. The mother's return to the nest reduced this desynchrony, and nipple attachment induced a further reduction but increased slow-wave activity. However, maternal simulation of pups (e.g., grooming and milk ejection) consistently produced rapid, transient cortical desynchrony. The magnitude of these maternal effects decreased with age. Finally, systemic blockade of noradrenergic beta receptors led to reduced maternal regulation of infant cortical activity. Our results demonstrate that during early development, mother-infant interactions can immediately affect infant brain activity, in part via a noradrenergic mechanism, suggesting a powerful influence of the maternal behavior and presence on circuit development.
Patterns of neural activity are critical for sculpting the immature brain, and disrupting this activity is believed to underlie neurodevelopmental disorders [1] [2] [3] . Neural circuits undergo extensive activity-dependent postnatal structural and functional changes [4] [5] [6] . The different forms of neural plasticity [7] [8] [9] underlying these changes have been linked to specific patterns of spatiotemporal activity. Since maternal behavior is the mammalian infant's major source of sensory-driven environmental stimulation and the quality of this care can dramatically affect neurobehavioral development [10] , we explored, for the first time, whether infant cortical activity is influenced directly by interactions with the mother within the natural nest environment. We recorded spontaneous neocortical local field potentials in freely behaving infant rats during natural interactions with their mother on postnatal days w12-19. We showed that maternal absence from the nest increased cortical desynchrony. Further isolating the pup by removing littermates induced further desynchronization. The mother's return to the nest reduced this desynchrony, and nipple attachment induced a further reduction but increased slow-wave activity. However, maternal simulation of pups (e.g., grooming and milk ejection) consistently produced rapid, transient cortical desynchrony. The magnitude of these maternal effects decreased with age. Finally, systemic blockade of noradrenergic beta receptors led to reduced maternal regulation of infant cortical activity. Our results demonstrate that during early development, mother-infant interactions can immediately affect infant brain activity, in part via a noradrenergic mechanism, suggesting a powerful influence of the maternal behavior and presence on circuit development.
Results and Discussion
Here, we examined the impact that maternal behavior and interactions between mother and infant have on infant cortical brain activity. We specifically examined changes in infant cortical local field potential (LFP) activity induced by maternal behavior, including maternal presence or absence from the nest, as well as typical infant-mother interactions, such as nipple attachment, milk ejections, and maternal grooming behavior of pups. In experiment 1, a total of six pups from six different litters were recorded daily between postnatal day (P) w12 and P20. Using a within-animal design, we examined the changes in LFP activity across maternal behavioral state by collapsing the data by age, as well as across age. In experiment 2, we used an additional five pups from five different litters to examine the impact of blocking norepinephrine (NE)-beta receptors on cortical activity, given their role in neural development and maternal stimulation [11, 12] . For all data presented here, monopolar recordings were from the somatosensory neocortex. An additional data set obtained from recordings within the amygdala is presented in Figure S1 , available online.
Maternal and Littermate Absence Increases Cortical Desynchronization
We first determined the immediate impact of the mother's presence or absence in the nest on her infants' brain activity. In both instances, pups were typically in a huddle with littermates (n = 6 pups; Figure 1A ). Cortical desynchronization was higher when the dam was away from the nest yet still within the 34 3 29 3 17 cm cage than when she was in the nest near the pups (main effect of maternal presence: ANOVA: F (1, 208) = 78.5, p < 0.0001; Figure 1A ). Post hoc comparisons across each frequency bin revealed significant increases within the beta and gamma frequency ranges (w24-72 Hz, p < 0.05 after application of a Bonferroni correction for repeated measures; specific frequencies are marked by an asterisk in Figure 1 ). We determined that the absence of the mother induced a w40%-60% increase in LFP power within the beta and gamma frequency bands ( Figures 1B and  1C) . Analysis of mean power change within specific frequency bands revealed significant changes in theta (t(6) = 9.1, p < 0.0001), beta (t(6) = 2.54, p < 0.05), and gamma (t(6) = 4.7, p < 0.001) frequency bands.
Placing the infant in an isolated environment, without the dam and littermates, induced further desynchronization in relation to when the pup was within the nest ( Figure 1D) . A pup behavioral state 3 LFP frequency ANOVA again revealed a significant main effect of mother and littermate presence (isolated pup versus dam in the nest (n = 6): F (1, 208) = 57.7, p < 0.0001), and post hoc tests confirmed a specific significant difference within the beta and gamma frequency bands (w33-100 Hz). These changes were not due to pups' sleepwake cycle when the mom was present or absent, since pups could experience both sleep and arousal when the mother was in or out of the nest. Together, these results uncover that the mere presence of the mother, as well as other littermates in the nest, provides an immediate impact on the state of cortical neural activity and that maternal and littermate absence induces desynchronization.
Nursing Behavior Induces LFP Synchrony, whereas Milk Delivery Induces Desynchrony We then examined how brain state is influenced by attachment to the maternal nipple and by milk ejection (Figure 2 , inset images). Figure 2A shows that while the infant was attached to the nipple, there was a small reduction of cortical desynchronization in the LFP signal. This reduction primarily occurred within the gamma frequency bands, leading to about a 10%-20% reduction in LFP power (main effect of maternal behavior: ANOVA (n = 6 pups): nursing versus dam in the nest, F (1, 208) = 34.6, p < 0.0001) ( Figures 2B and 2C ). Post hoc analyses revealed a significant increase in slow-wave activity (0-5 Hz) (post hoc analyses: w2-5 Hz, p < 0.05) (Figure 2A) . Analysis of mean power change within specific *Correspondence: emma.sarro@nyumc.org frequency bands revealed significant changes in theta (t(6) = 2.2, p < 0.05) and gamma (t(6) = 3.0, p < 0.05) frequency bands. This increase in slow-wave activity was associated with a decrease in high-frequency activity and was often linked to slow-wave sleep [13] . Nursing behavior was typically interspersed with periods of milk delivery, which is signaled by a robust stretch reflex (lasting for about 10-15 s) in the pups. Milk ejection induced a dramatic increase in high-frequency oscillations, specifically across beta and gamma frequency bands (Figure 2A) , and a behavioral state 3 LFP frequency ANOVA revealed a main effect of condition (milk ejection versus dam in the nest [n = 6 pups]: F (1, 208) = 235.3, p < 0.0001). Post hoc tests showed specific increases in LFP power within the beta and gamma frequency bands (w27-100 Hz; p < 0.05) in relation to the state of maternal presence. Analysis of mean power change within specific frequency bands revealed significant changes in beta (t(6) = 2.3, p < 0.05) and gamma (t(6) = 3.7, p < 0.01) frequency bands. In fact, relative to the pre-milk-ejection period, periods of milk ejections produced an increase in activity of 100%-300% in the beta and gamma frequency bands ( Figures 2D and 2E ).
Maternal Grooming Increases Cortical Desynchronization
An additional major mother-pup interaction is grooming. This behavior induced a moderate increase in cortical desynchronization in comparison to when the dam was merely present in the nest ( Figure 2F ), and a maternal behavior 3 LFP frequency ANOVA revealed a main effect of condition (grooming behavior versus dam in the nest [n = 6 pups]: F (1, 208) = 24.1, p < 0.0001). Post hoc tests revealed that grooming behavior significantly enhanced LFP power within higher gamma frequency bands (w70-100 Hz, p < 0.05). Analysis of mean power change within specific frequency bands revealed significant changes in theta (t(6) = 3.9, p < 0.01) and gamma (t(6) = 2.4, p < 0.05) frequency bands. Figures 2G and 2H demonstrate that LFP power was 20%-40% higher during maternal grooming than when the mother was in the nest, but not grooming the target pup.
The Impact of Maternal Presence and Behavior Decreases with Age
We further examined whether the influence of mother-infant interactions on cortical LFP changed as pups approached the age of weaning (wP19-P20). We assessed the differences in magnitude (percent difference) of the response for each behavioral state as it compared to when the dam was in the nest (i.e., milk delivery versus dam in the nest). Each behavioral state assessed is shown in Figure 3 . We found that the impact of maternal absence from the nest, milk delivery, and grooming behavior on cortical activity decreased as pups approached weaning (i.e., the differences between each state and the mother's presence in the nest declined with age). This was specifically seen for comparisons in the beta and gamma frequency ranges ( Figure 3 , right two columns; see Figure S2 for an assessment of baseline LFP as a function of age). For maternal presence in the nest, a one-way repeatedmeasures ANOVA revealed a main effect of age for beta frequency bands (F (1, 4) = 4.1, p < 0.05). For nursing behavior, a one-way repeated-measures ANOVA revealed a main effect of age for gamma frequency bands (F (1, 4) = 2.7, p < 0.05). For milk ejection, a one-way repeated-measures ANOVA revealed a main effect of age for beta (F (1, 4) = 3.1, p < 0.05) and gamma (F (1, 4) = 3.6 p < 0.05) frequency bands. Finally, for grooming behavior, we found a significant main effect of age for beta (F (1, 4) = 2.8, p < 0.05) and gamma (F (1, 4) = 3.4, p < 0.05) frequency bands.
The Impact of Maternal Presence and Behavior Involves a Noradrenergic Mechanism
Finally, we tested the hypothesis that the infant noradrenergic system is a potential mechanism contributing to the maternalbehavior-induced changes in pup neural activity (n = 5 pups). The noradrenergic locus coeruleus is functional early in development [14] , and NE release induces cortical desynchrony during arousal [15] . The infant rodent locus coeruleus is uniquely responsive to sensory inputs-it responds to a larger array of stimuli with more prolonged NE release than does the adult equivalent as a result of late inhibitory alpha-2 autoreceptor development [14, 16] . Microdialysis in rat pups has demonstrated that stimuli mimicking maternal behaviors, such as grooming, enhance forebrain NE [17] , and these stimuli support infant neural plasticity [11, 16] . We systemically blocked noradrenergic beta receptors (propranolol, 20 mg/kg) at least 30 min prior to a typical 1 hr recording session and compared the behavioral-stateinduced changes to neural activity during one session with propranolol and a control session after saline injection (the order of injections was alternated between animals). After propranolol injection, neural activity during an isolated recording session (away from the dam and littermates) decreased modestly within the beta and gamma frequency bands ( Figure 4A ). Statistical analysis revealed that compared to saline injection, the drug had no main effect on baseline LFP measurement (injection 3 LFP frequency ANOVA [propranolol versus saline]: F (1, 173) = 2.57, p = 0.11).
The effects of maternal behavior on infant neural activity were then assessed within a single session (with propranolol or saline), and the magnitude of maternal-behavior-induced changes in neural activity was compared between conditions (propranolol versus saline). The magnitude of maternalbehavior-induced changes in pup cortical activity was significantly reduced by propranolol. For example, the cortical desynchronization normally induced during maternal absence was moderately lower in propranolol-injected pups than in saline-injected pups ( Figure 4B) . Similarly, the effect of nursing behavior on LFP activity was also reduced, demonstrating a significant difference from control sessions in the beta frequency band (ANOVA: F = 10.3, p < 0.05, degrees of freedom [df] = 8) ( Figure 4C ). The impact of milk delivery on neural activity was also greatly reduced, specifically in the gamma frequency band, after propranolol injection (ANOVA: F = 4.5, p < 0.05, df = 8) ( Figure 4D) . Finally, the impact of grooming behavior on the modulation of cortical activity was also reduced after propranolol injection, and the greatest effect was seen in the gamma frequency band (ANOVA: F = 3.1, p = 0.06, df = 8) ( Figure 4E ). These results suggest an involvement of the noradrenergic system in maternally induced changes to pup neural activity (Figures 4B-4E) .
Altricial newborn mammals receive nutrition, warmth, and protection from their caregiver. Newborns also respond to the sensory cues provided by the mother, and this maternal sensory stimulation helps shape sensory system ontogeny [10] . However, the results of the research presented here demonstrate that within the nest environment, maternal behaviors modulate infant cortical activity, in addition to these transient sensory-evoked responses, in part via a noradrenergic mechanism. We are currently exploring a variety of other mechanisms that may be involved. These maternal-careinduced changes in pup cortical activity are not dependent upon pups' arousal level given that sleep and arousal occur with and without maternal presence (e.g., quiescent pups in the litter show different cortical activity depending on the mother's presence or absence). These brain-state changes can last for seconds to many minutes and reflect dramatic cortical desynchronization during periods of maternal absence, milk ejection, and maternal grooming of the pup. Cortical desynchronization is an activity pattern conducive to neural plasticity [8, 9] and information transfer across brain regions [13, 18] . Moreover, higher-frequency oscillations are thought to be important for developing thalamocortical or neocortical-hippocampal synapses, specifically for the organization of topographical functional units in cortical regions and the maturation of specific cell circuitry [19, 20] . In contrast, during maternal presence, and particularly during nipple attachment (in the absence of milk ejection), pups demonstrate elevated slow-wave activity [21, 22] . This activity emerges rapidly and is maintained throughout nipple attachment. This suggests that in addition to natural, endogenous mechanisms of sleep pressure and homeostasis described in adults [23] , within the nest environment, attachment to a maternal nipple can induce slow-wave activity in preweaning pups. Slowwave activity has been demonstrated to be critically involved in memory consolidation and synaptic homeostasis [24, 25] , even in children [26] . Thus, entry into periods of slow-wave activity may enable the induction of synaptic plasticity or solidification of circuitry formed during the periods of enhanced high oscillatory activity [25] . Therefore, the data provide for the first time a direct window into the effects of mother-infant interactions within the nest on pup neural function and suggest a powerful postnatal mechanism of maternal modulation of brain development.
Selective spatiotemporal patterns of spontaneous or stimulus-evoked activity induce modifications in many systems, including influencing the synthesis and release of neuromodulators and neurohormones (e.g., NE [27] ) and growth factors (e.g., brain-derived neurotrophic factor [28] ). The NE-dependent cortical activation during milk ejection and grooming is particularly interesting because these stimuli are important for pups' learning and expressing attraction to the maternal odor [29] [30] [31] 32] . This maternal odor learning is NE dependent [11, 33] . The present results suggest that maternal stimuli not only promote associative conditioning of specific cues but also more generally modulate brain activity and arousal, in part via a noradrenergic mechanism. The immature noradrenergic nucleus locus coeruleus is far more sensitive to a wide range of sensory stimuli and more robustly responsive than the adult counterpart [14] . This diminution in locus coeruleus response with age is due in part to the late emergence of autoinhibitory alpha-2 receptors [12] and may contribute to the decrease in pup cortical responsiveness to maternal stimulation with the approach toward weaning.
The maternal stimuli modulating infant brain state are likely to be multisensory and include at least olfactory, tactile, and thermal cues given the known developmental emergence of sensory-system function in rats. The fact that some maternal cues (e.g., absence from nest and milk ejection) evoke arousal and cortical desynchrony while others (e.g., nipple attachment) evoke a shift to slow-wave state is particularly intriguing, and ongoing work is attempting to isolate mechanisms of nipple-attachment-associated slow-wave state induction. In human infants, nutritive sucking and nonnutritive sucking are known to evoke different autonomic responses, which could parallel the cortical results observed here [34] .
Finally, given that we have shown that maternal behavior has dramatic effects on the infant brain state, and that neural activity has a known role in brain circuit development, the results suggest that this may be a mechanism allowing variation in maternal care to create variability in brain development and behavioral outcome. The nature and duration of specific maternal behaviors, as well as the temporal patterning of interaction and absence, could induce robust individual differences in arousal and consolidation, as well as general network maturation. Previous work in our lab and others has revealed that variations of maternal care [35, 36] , maternal deprivation [37] , and maternal abuse [38, 39] have long-lasting neurobehavioral consequences and thus enable vulnerability to psychiatric disorders later in life. Whereas immediate effects of poor maternal care result in a paradoxical attraction for the caretaker [10] , long-term consequences of poor maternal care include maladaptive behaviors, such as reduced fear learning and depressive-like behavior, related to attenuated amygdala function, altered gene expression, and dysregulation in neural networks underlying olfactory learning [33, 39, 40] . Described here, the maternal modulation of the infant brain state may contribute to these effects. 
